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c'

We are presenting in this work a number of observations on satellite

data which pertain to low-energy (_I00 keV) electrons in the earth's mag-

netosphere, and which were obtained with detectors aboard the scientific

satellites Explorers Xll and XIV. These data cover essentially all low-

latitude regions in the magnetosphere, between about 4.5 and 16 Re..

In connection with the sunward side, we have investigated the tem-

poral and spatial characteristics of the observed outer boundary of the

trapping region, and have compared our observations with other relevant

information and with theoretical considerations.

With regard to the dark side of the magnetosphere, we have presented

information concerning the extent and the nature of the trapping region

there, the pitch-angle distributions of trapped electrons and the general

picture of the distant trapping field, as deduced from the anisotropic

features of these electrons. In addition, we have studied the electron

fluxes which appear outside the trapping region, with regard to certain

temporal and spatial features, such as anisotropies, radial dependence

and dependence on magnetic latitude. Possible correlations between

these fluxes and ground magnetograms, riometer records, and other

satellite data have been considered.

The results of this investigation are discussed, with emphasis on

lJ._..

the new findings and their possible interpretations. //_ "7_



A_]la4_qTS

I wish to express my sincere appreciation to Dr. F. B. McDonald

for making available the data used in this work, for suggesting this

research, and for his greatly valued advice and counents while super-

vising this thesis.

I further wish to acknowledge the valuable and instructing com-

ments of Drs. E. Ray and E. Boldt, as well as interesting discussions

with Drs. U. D. Desai, A. Konradi, R. Palmeira, and with Mr. L. Davis.

The reduction and analysis of these data necessitated the combined

efforts of many persons, of which I would like to make special mention

o£ Niss G. Cigarski, Hrs. G. Pearson, and Nssrs. R. Fisk, L. Hyatt,

C. Clemens, C. Shearer, H. Caulk, and A. Thomson.

£i



4

TABLgOF CONTENTS

Sect ion Page

ACKNOWLEDGMENTS ........................ li

LIST OF FIGURES ........................ iv

I. INTRODUCTION ....................... 1

If. THE EXPERIMENT ...................... 14

Ill. DATA REDUCTION ..................... 24

IV. THE SUNLIT MAGNETOSPHERE ................ 27

V. THE DARK MAGNETOSPHERE .................. 36

A. The Extent of the Trapping Region .......... 36

B. Particle Distributions and the

Nature of the Trapping Field .......... 40

C. Other Temporal and Spatial Characteristics ...... 47

VI. CORRELATIONS ....................... 51

VII. SUMMARY ......................... 55

VIII. DISCUSSION ....................... 58

IX. CONCLUDING P._4ARKS .................... 55

REFm_ENCES ......................... 103

iii



W

LIST OF FIGURES

Figure Page

1. THE REGION COVERED BY RX2LORHRS XII AND XIV ........ 66

2. DETECTOR ARRANGemENT IN THE PAYLOAD ............ 67

3. SINGLE CRYSTAL RESPONSE TO PROTONS ............ 68

4. SINGLE CRYSTAL RESPONSE TO LOW ENERGY ELECTRONS ...... 69

5. GEIGER COUNTER RESPONSE TO LOW ENERGY ELECTRONS ...... 70

6. SCINTILLATION COUNTER ................... 71

7. EXPLORER XIV SPIN RATE AND SPIN AXIS SUN ANGLE ...... 72

8. SINGLE CRYSTAL FLIGHT CALIBRATION ............. 73

9. FIRST LEVEL IN-FLIGHT RESPONSE VS. MEASURED ELECTRON FLUXES

IN THE MAGNETOSPHERE .................... 74

I0. BLOCK DIAGRAM OF ELECTRONIC INSTRUMENTATION ........ 75

11. EXPLORER XIV INBOUND PASS OF JAN. 3, 1963 ......... 76

12. EXPLORER XIl SUCCESSIVE BOUNDARY CROSSINGS DURING ORBIT OF

OCT. 8-9, 1963 ...................... 77

13. TRAPPED ELECTRON BOUNDARIES

(a) LOW Kp (b) HIGH Kp ................ 78

14. PARTICLE BOUNDARY, EQUATORIAL DATA ............. 79

15. PARTICLE BOUNDARY, LATITUDE 10 DI_REES ......... 80

16. EXPLORER XIV OUTBOUND PASS OF MARCH 16, 1963 ........ 81

17. PARTICLE BOUNDARY, EQUATORIAL DATA, FIT '_0 THEORETICAL
MAGNETOPAUSE ........................ 82

18. PARTICLE BOUNDARY, LATITUDE I0 DEGREES, FIT TO THEORETICAL
MAG NETOPAUSE ........................ 83

19. IMP-A SHOCK WAVE AND MAGNETOPAUSE TRAVERSALS ........ 84

20. THE BOUNDARY OF THE MAGNETOS_E FR_ MAGNETIC FIELD AND

TRAPPED ELECTRON DATA ................... 85

21. EXPLORER XIV INBOUND PASS OF JAN. 6, 1963 ......... 86

£v



Figure Page

22. EXPLORERXIV INBOUND PASS OF FEB. 4, 1963 ........... 87

23. COUNTING RATE VS. SOLAR ASPECT ANGLE ............ 88

24. EXPLORER XIV INBOUND PASS OF JAN. 30, 1963 .......... 89

25. EXPLORER XIV INBOUND PASS OF FEB. 5, 1963 ........... 90

26. FEB. 4, 1963;ANISOTROFIC FEATURES OF TRAPPED ELECTRONS • • • 91

27. FEB. 4, 1963;MAGNETIC FIELD INFORMATION ........... 92

28. EXPLORER XIV INBOUND PASS OF JAN. 9, 1963 ........... 93

29. ANISOTROPIC FEATURES OF TRAPPED ELECTRONS COMPARED WITH

LOCAL MAGNETIC FIELD MEASUREMENTS .............. 94

30. JAN. 6, 19 63; ANISOTROPIC FEATURES OF TRAPPED ELECTRONS .... 95

31. JAN. 6, 1963;MAGNETIC FIELD INFORMATION ............ 96

32. JAN. 9, 1963;MAGNETIC FIELD INFORMATION ............ 97

33. STREAMING OF TRAPPED ELECTRONS ................ 98

34. ANISOTROPZC FEATURES OF TAIL ELECTRONS ............ 99

35. ELECTRON "EVENTS" IN MAGNETOSPHERIC TAIL

(a) DEPENDENCE ON MAGNETIC LATITUDE

(b) DEPENDENCE ON GEOCENTRIC DISTANCE ............ I00

36. CORRELATIONS BETWEEN MAGNETOSPHERIC ELECTRONS AND AURORAL ZONE

MAGNETOGRAMS ......................... I01

37. CORRELATION BETWEEN MAGNETOSPHERIC ELECTRONS AND RIOMETER

RECORDS ........................... 102

i



Io INTEODUCTION

It is well known that many geophysical phenomena are made possible

only through extraterrestial influences which are primarily of solar

origin. A group of such phenomena are, for example, those associated

with time variations in the earthts magnetic field. Of particular

importance is an identifiable pattern of large magnetic field variations,

containing both world-wide and local components and comprising what is

known as a magnetic storm. These field variations, as well as accom-

panying phenomena such as aurorae, involve the expenditure of large

amounts of energy whose origin has long been suspected to be the sun.

Attempts to explain how this energy reaches the earth have been made

even before the turn of this century and were primarily based either

upon an assumed solar corpuscular emission or upon solar ultraviolet

radiation. Lindemann [1919] suggested that the solar influence in

this case may be propagated by a neutral but ionized solar stream which

would travel away from the sun with a velocity of about 800 km/sec and

reach the earth without appreciable recombination.

Chapman and Ferraro [1931, 1932, 1933, 1940] considered in detail

the theoretical aspects of the interaction resulting from the sudden

arrival of such a stream in the vicinity of the earth. In their

model, they assumed the absence of any collective behavior among the

charged particles in the stresm, so that these particles will undergo

specular reflection upon reachin E the geomagnetic field, ions curving

one way, the electrons curving oppositely. An electric current will

result whose effect would be to reduce the magnetic field producing

-1-
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it inside the stream's surface, while increasing the field strength

in front of this surface. Thus, if the solar plasma is originally

field-free, it will remain so during the progress of its interaction

with the geomagnetic field. This interaction compresses in effect

the field, until the motion of the stream normal to the resulting

interface is stopped, when the pressure of the streaming ions on

one side is equal to the magnetic field pressure on the other. It

is evident that the gas near the subsolar point will be appreciably

retarded whereas, the streaming velocity away from this point will

be hardly affected. This means that a cavity will be formed around

the earth's sunward side which will completely contain the terrestlal

field in that region and whose boundary in relation to the earth's

center will be given by the following pressure balance relation.

co, a o =

where n is the ion density, m the ion mass, v the streaming velocity,

the angle between the streaming direction and the outward normal to

the boundary and B is the total magnetic field strength Just inside

the boundary. This equation is valid only for a stream of ions

incident normally onto the earth's dipole. In the aforementioned

works, the cavity appears as a temporary rather than a permanent

phenomenon; its transient existance coincides with the sudden commence-

ment and the initial phase of a magnetic storm. The possibility of a

steady-state situation resulting from a continuing solar stream had

not been ruled out however.

In the following years, various investigations produced evidence

supporting the existance of a continuously streaming solar gas, which

would very likely be intensified during increased solar activity.
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Such was the case for example with BiermannSs observations on the

behavior of comet tails [1957], as well as with other observations

on the solar corona, on the scatterin S of polarized sunlight, etc.

Subsequently, a number of works began to emerge in connection with

the interaction of this ionized gas or plasma with the geomagnetic

field [i.e. Parker, 1958; Dungey, 1958; Cold, 1959; Johnson, 1960;

Beard, 19601, particularly since it became apparent that the rather

simple Chapman-Ferraro picture le£t many questions unanswered. Ways

were being sought £or bringing inside the geomagnetic cavity the

large amounts o£ energy which are required to account £or certain

geophysical phenomena; questions were raised in connection with

the shape and stability o£ the walls o£ this cavity, at all angles

to the earth-sun line. About this time some new terms appeared in

the literature, some o£ which have been used £requently in later works.

The word I_nsgnetospherefl was introduced by Cold [19591 to describe the

region of space which is identified with the extent of geomagnetic

influence over charged particles. The boundary of the magnetosphere

is frequently referred to as the _nagnetopause e_. Finally, Parker

[1958] appropriately proposed the name tfsolar wind ts for the streaming

solar gas.

The advent o£ scientific earth satellites and deep space probes

made possible important contributions in this £ield, based on direct

experimental evidence, k major discovery occurred when intense £1uxes

o£ energetic particles trapped in the geomagnetic £ield were encountered

IVan Allan et el., 19581. The concept o£ such particle trapping emerged

originally £rom an investigation by St_rmer on the motion o£ charged
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particles near a magnetic dipole. The earth's field may be approximated

by such a dipole, at least up to the point where solar-wind induced

distorsions appear to dominate the distant field. St_rmer's work implied

that there are certain regions around the earth which are completely

inaccessible to charged particles coming from infinity. However, the

equations of motion did not exclude the possibility of trapped particles

already existing in these regions. Such particles could be confined

there for relatively Ion 8 periods of time while their kinetic energy

remained unchanged. The above experimental findings showed that the

inaccessible St_rmer regions around the earth are indeed filled with

charged particles.

Subsequent data from space vehicles confirmed the existance of the

solar wind [Gringauz et al., 1960; Bonetti et al., 1963]. It was

further established that this solar plasma contains a weak interplane-

tary magnetic field [Coleman et al., 1960; Heppner et al., 1963]. Data

pertaining to the existance of the magnetospheric boundary were also

obtained at this time. Before discussing them, we will subdivide the

magnetosphere into two regions as suggested by the anisotropic nature

of the solar wind. We will refer to them as the sunlit and the dark

magnetospheres and all our discussions will be qualified accordingly.

The first systematic experimental study of the magnetosphere was

accomplished with particle and magnetometer data from the Explorer

Xll satellite. These data were obtained from the sunlit portion

and generally from regions in space near the geomagnetic equatorial

plane. They showed a well-defined boundary located at a geocentric

distance of about 10 to 11 Re (earth radii) near the subsolar point
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and separating ordered fields and trapped particles from regions of

generally small and disordered magnetic fields, often containing large

fluxes of superthermal electrons [Cahill and Amazeen, 1963; Freeman

et al., 1963]. Evidence of compression of the earth's field due to the

impinging solar plasma was seen. Drastic changes in the trapped

particle population were correlated with disturbed conditions. To a

large extent, some of these findings are consistent with the conclusions

contained in the works of Chapman and Ferraro, if we neglect the

transient nature of their cavity.

The data from the dark magnetosphere were considerably more

complicated. Heppner et al. [1963] found that magnetometer data from

the only orbit of Explorer X contained evidence of relatively strong

magnetic fields in this region, slowly varying with geocentric distance

and extending out to distances in excess of 40 Re, generally directed

away from the sun and the earth. Later data from Explorer XIV

[Cahill, 1964] were in agreement with this tail-like field configura-

tion which seemed to indicate that tangential stresses may be stretching

the field lines out to large distances where they may become connected

to the interplanetary field. The region of the magnetosphere which is

characterized by such a configuration has been often referred to as the

'%aagnetospheric tail". Energetic particle data from the same satellite

showed that highly variable fluxes of 40-keV electrons frequent this

region of space, out to a radial extent which appeared to exceed the

satellite apogee of about 16 Re [Frank, 1964]. Unlike similar mea-

surements in the sunlit magnetosphere, the particle boundary in the

magnetospheric tail seemed for the most part to be poorly defined.
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Frank however, found a core of higher electron fluxes, extending out

to about 8 Re near the midnight meridian, which could be interpreted

as indicating the extent of durably trapped particles.

Second generation satellite experiments have added a great deal

more to the foregoing observations. Through the use of more sophlstl-

cared detectors, more suitable orbits and improved telemetry, much

detsiled information in connection with the solar wind, the magneto-

sphere and the interaction region between the two has been obtained.

Thus, a sun-dlrected plasma probe aboard the Venus-bound vehicle Mariner

II detected an always-present solar plasma flow whose positive component

consisted mostly of protons, having streaming velocities consistently

above 300 km/sec; the higher veloclty periods appeared to coincide

with enhanced ge4_agnetlc activity. Ionic temperatures were found

mostly between 6 x 104 and 5 x 105 °K (thus indicating a warm plasma),

number densities between .3 and I0 protons/tin 3, energy densities

between 2 x 10 -7 and 2 x 10 -8 ergs/cm 3 [Neugebauer and Snyder, 1962;

Snyder and Neugebauer, 1963]. More recently, data from plasma probes

aboard the IMP-I satelllte confirmed the anlsotroplc nature of the

solar wind and found the direction of incidence to be that of the

earth-sun line [Bridge et al., 1964, 1965]. Magnetometer data from

this satellite [Ness et al., 1964] showed a rather steady interplanetary

magnetic field between 4 and 7 gammas (I gamma equals 10 -5 gauss). With

regard to the magnetosphere, IMP-I data were in agreement with previous

particle and field observations. New measurements in the dark side

were of particular importance due to the high apogee of this satellite

(approximately 31.5 earth radii). There, magnetic data were again
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indicative of an open and very extended magnetospheric tail. They

also provided evidence on the existance of a neutral sheet separating

fields with a generally antisolar direction from those directed toward

the sun ENess, 19653. Anderson et al. [19653 found that patches of

energetic electrons, similar to those detected by Explorer XIV,

extended out to the very edge of the satellite apogee. In addition,

the IMP-I data provided experimental evidence supporting a continuum

approach to the solar wind-geomagnetic field interaction, as contrasted

with the originally adopted idea of individual particle reflections at

the edge of the magnetosphere. Such an approach had been proposed

before on the basis of some experimental Justification derived from

earlier data. Before we further discuss these data and particularly

those aspects which indicate collective behavior among the solar wind

particles, we will review briefly some widely accepted ideas regarding

the origin of the solar plasma, as well as some of the physical princi-

ples which are expected to govern its behavior.

The solar wind is thought to be a continuous expansion of the solar

corona into interplanetary space, which, due to the high conductivity

of coronal gases, causes at the same time the extension of the solar

magnetic fields by its outward motion [Parker, 19633. Near the sun,

the ion density and temperature are sufficiently high for Coulomb

scattering to reduce the mean-free path of the thermal ions below the

relevant lengths, such as the scale length and the radial distance.

Thus, coronal gases in this region are characterized by fluid behavior

and their kinetic properties can be treated using the classical hydro-

dynamic equations. At this stage, the expansion of these gases is
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thought to be near-lsothermal. However, as coronal heating and thermal

conduction disappear at large distances from the sun, this expansion

eventually becomes adiabatic; the temperature and density drop as the

gases further expand. Parker has shown that these conditions will result

in a monotonic kinetic energy increase so that the expansion velocity

will become supersonic beyond a radial distance of a few solar radii

from the sun. By the time that the intensified solar wind reaches the

earth's orbit, Coulomb collisions between particles have, for all prac-

tical purposes, become negligible. However, we cannot discount the

possibility of collective behavior among the ions in the stream, since

mechanisms involving electric and magnetic fields are known to exist,

which can couple the motions of the individual charged particles in a

plasma, thus causing effects similar to those which appear when colli-

sions are more frequent.

We may expect widely different magnetospheric effects depending

on whether the solar wind interacts with the geomagnetic field as a

group of independent charged particles or as a fluid. If the latter

description is the correct one, the flow of the solar plasma around

the magnetosphere will again be different in character, depending on

whether the local solar wind speed is subsonic or supersonic with

respect to the propagation velocity of the various waves in the plasma.

Of all the relevant propagation modes, Alfven and magnetoacoustic waves

are usually considered to be most important in this case, although

other modes could well be of significance [Scarf et al., 19651. A

supersonic flow will cause the formation of a standing shock wave a

short distance upstremn from the stagnation point, as pointed by
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Axford [1962] and Kellogg [1962] smon8 others. In the absence of

binary co111slons, the necessary entropy increase which must accom-

pany a true shock transition can probably be accounted by a number

of plasma instabilltles whose growth appears to be easily induced

[Parker, 1963].

The existance of the Chapman-Ferraro cavity is not a matter of

the particular viewpoint we adopt to describe the solar wind behavior.

The shape of this cavity in the sunlit side is very insensitive to the

details of the flow. Conditions outside the cavity however, are

definitely dependent on such details. The region between the shock

front end the magnetospberic boundary is expected to be characteristic

of a hot plasma and turbulent magnetic fields [Axford, 1962; Levy etal.,

1963]. It is not clear what we can expect at the magnetospheric tail

except that it is reasonable to expect considerable convection of hot

plasma and turbulence in this region from the sunlit side. Tangential

stresses probably have a major role in shaping the magnetic fields here

[Axford and Hines, 1961; Ax£ord et al., 1964]. Shock formation can

also be expected in interplanetary space, whenever supersonic velocity

differences arise, such as when a sudden increase in coronal temperature

results in an outburst of fast plasma (i.e. solar flare phenomenon)

overtaking the expanse of slower plasma. The resulting disturbance

front may cause, as it sweeps past the earth, the sudden commencement

of a magnetic sotrm.

Now turning once more to satellite data we find that the first

indication that the region of space Just beyond the sunlit magneto-

pause often contains turbulence and thermalized plasma was obtained
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with Explorer XII [Freeman et al., 1963; Freeman, 19633. A more

complete and convincing picture was obtained by the magnetic field

and plasma detectors aboard ]_P-I whose measurements indicated conditions

very similar to those we would expect if we were to assume the exis-

tance of a standing shock beyond the magnetosphere. Repeated crossings

of this bow shock indicated that its average location was generally in

agreement with calculations based on the analogy of a supersonic gas

flow around a blunt body [Ness et al., 19643. Thus, from these data,

it appears that the continuum approach is the correct one when consider-

ing solar wind effects on a scale of the order of the earthts magneto-

sphere. As an afterthought, we may mention that it would be difficult

to find a mechanism by which an independent particle flow could transfer

adequate amounts of energy from the solar wind into the magnetosphere

to account for geomagnetic phenomena. Many such phenomena have been

directly linked with a downflux of energetic electrons into the earthts

atmosphere [O'Brien, 1962, 19641. Solar wind measurements have shown

that the latter does not contain sufficient numbers of particles with

the appropriate energy to directly account for this downflux. On the

other hand, trapped particle regions around the earth could sustain

the observed electron precipitation for a short time only, if they were

not replenished by a source of such particles. If particle acceleration

is to take place near the magnetosphere, it may be necessary to have

conditions which involve plasma instabilities, shock formation, and

other phenomena which can only result from a coherent solar wind.

Charged particles in general are very intimately tied in with

magnetospherlc processes. As mentioned earlier, a sizeable portion
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of the magnetosphere is occupied by trapped radiation, the latter

appearing in two distinct zones about the earth. The inner zone

consists mostly of high-energy protons (up to several hundred meV)

with peak fluxes centered at about 1.5 Re from the earthWs center,

near the magnetic equatorial plane. The observed proton fluxes in

this region are generally stable, (i.e. solar Influences are very

small) so that these particles have seemingly no connection with

geophysical phenomena, which are known to undergo large enhancements

during disturbed conditions. The outer radiation zone consists of

low-energy electrons and protons (energies up to a few meV) whose

peak intensities occur near 4 Re. The soft components of the outer

zone fluxes extend to the magnetospheric boundary and are therefore

subject to strong solar wind influence. Electrons near the outer

edges of the trapping region are similar to those which are pre-

cipitating into the atmosphere [OIBrlen, 19641° In fact, both these

components appear to undergo similar changes at a given tlme_ thus

indicating that they are the direct products of an acceleration process

which takes place either inside or outside the magnetosphere. The

exlstance of an acceleratlon mechanism is also indicated by the large

electron fluxes encountered in the magnetospheric tail. These parti-

cles cannot be considered trapped for any length of tlme_ in a region

of space which has been shown to be characterized by a radial field

topology. Tall electrons must therefore be a hlghly transient phenom-

enon t Just as their appearance in pulse-like clusters would indicate°

McDiarmid and Burrows E1965a, 1965b] have suggested that these electrons

are produced in the magnetospherlc tall itself and that some of them
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find their way into the outer radiation zone to replenish the elec-

tronic componentthere. These considerations are certainly in agree-

ment with the suggestion of Axford et al., [1964] that the magneto-

spheric tall may provide a mechanismfor energy input into the body

of the magnetosphere. Webelieve that more detailed information on

these electrons, and on electrons generally throughout the magneto-

sphere and the transition region, will be instrumental in increasing

our understanding of magnetospheric processes. Electron data in this

region dependon manyvariables, amongwhich are the time, geocentric

distance, magnetic latitude, satellite position relative to the earth-

sun line, energy threshold of the detector etc. Thus, it is very

unlikely that information obtained from any one satellite will in

itself be sufficient to provide unique answers to questions which

usually arise in connection with processes in this region. Data

interpretation at the present has been madesomewhateasier however,

by everything that has already been learned.

With the purpose of adding to existing information, we will now

present a numberof observations based on the magnetospheric electron

data from detectors aboard Explorers Xll and XIV. These detectors

had estimated energy thresholds for magnetospheric electrons around

80 to i00 keV. They were further characterized by a high sensitivity

and by good time and spatial resolutions. The specific objectives of

this investigation are as follows:

I) We will show that trapped electrons in low-latitude portions

of the magnetosphere are confined in a region which has a rather dis-

tinct and stable boundary throughout the sunlit hemisphere, closely

identified wlth the magnetopause near the magnetic equatorial plane.
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We will present evidence to the effect that this region is symmetric

about the earth-sun direction but that it displays a strong noon-

midnight asymmetry. We will show that its extent as well as the

morphology of trapped electrons near its outer boundary show a

dependence on geomagnetic activity which becomes very pronounced

near the antisolar direction.

2) With regard to the dark magnetosphere we will see that our

data indicate that trapped electrons there have a pitch-angle distri-

bution whose maximum undergoes a 90 deg. change through a region of

near-isotroplc electron fluxes. These data also indicate that the

earth's magnetic field in this region is highly distorted having an

almost radial appearance at the outermost points of trapping. Evidence

of electron streaming along field lines and inside the trapping region

will be shown.

3) We will show that electron fluxes outside the trapping region

and specifically in the tail of the magnetosphere show a positive

correlation with geomagnetic activity, that they are essentially

Isotroplc, and that they are usually seen in pulse-llke events whose

fast onset correlates with the initiation of magnetic bays seen at

auroral stations. We will see that these events are clustered around

the geomagnetic equatorial plane and that their frequency decreases

with geocentric distance.

4) Our findings will be discussed with emphasis on new contri-

butions to this field.
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The bulk of magnetospheric studies have thus far been conducted with

data from satellites in highly eccentric orbits because such vehicles,

in addition to accomplishing several other scientific objectives, have

also probed for experimenters at one time or another, large portions of

the magnetosphere and of the region just beyond. This can be seen from

the following considerations. The satellite motion during one complete

orbit is such as to make possible measurements over a large range of

geocentric distances. At the same time, due to the earth's motion

about the sun, the orientation of the major axis of the satellite orbit

changes in relation to the earth-sun direction, so that new variables,

upon which magnetosphere measurements depend, enter the picture. The

data which we will present in this investigation have been obtained with

detectors aboard two scientific satellites whose orbits fit the above

descript ion.

Explorer Xll was launched on August 16, 1961, into a highly ellip-

tical orbit having an apogee of 83,600 km (geocentric distance), an ini-

tial perigee of 6,700 kin, a period of 26.5 hours and an inclination of 33

deg. The spatial region of interest covered by this satellite, during

its useful lifetime, is shown in Fig. i. More specifically, this figuz_

shows the projection of this region on the geomagnetic equatorial plane.

Other orbital data can be found in a number of publications [i.e. Freeman,

1963]. The greatest portion of our data has come from Explorer XIV

which attained a more suitable orbit for our purposes and whose lifetime

was considerably longer than that of its predecessor. It was launched

on October 2, 1962, into an orbit which was similar in many ways with

-14-
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the orbit of Explorer XII. An important difference was its higher

apogee of 104,800 km, and longer period of 36.4 hours. This satellite

transmitted useful information until August 8, 1963, thus covering the

area of the geomagnetic equatorial plane shown in Fig. I. Additional

orbital data can be obtained from Frank et alo, [1963].

The same cosmlc-ray experiment was flown aboard both these satellites.

The arrangement of the detectors in the satellite is shown in Fig. 2°

A scintillation counter telescope was deslgned to detect protons of

medium (> i00 meV) and high (> i beV) energies. A Geiger counter

telescope, with a 70 meV proton threshold for coincidence counts, was

included to provide additional medium energy measurements. Both the

telescope counting rate as well as the counting rate of the top counter

were sampled. Our main interest is centered, however, on the third

detector shown, a thin Csl (TI) cyrstal, 1.9 cm in diameter and .5 gm/cm 2

thick, covered with a 6.5 mg/cm 2 aluminum foil. This do_tec_.cr w_s

designed primarily for the study of low-energy solar protons. Its out-

put was sorted by an 8-1evel integral pulse-height analyzer. In the

absence of information differentiating between particles stopping inside

the scintillator from those traversing it, a detector such as this one

has a double-valued response (Fig° 3). Information supplied by the other

detectors in the experiment can be used to correct for the high-energy

side of the response curve, although for solar events such corrections

are usually quite small and therefore unnecessary. Thus this counter

measured essentially the differential proton intensities in the low-

energy region. Since the threshold of the first level was set consid-

erably below the minimum ionizing level of about 450 key (i.e. see Fig.

3), the counter responded to low-energy electrons as well. Wlth the
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available information from the other counters, and particularly from

the single Gelger counter, it is possible to attribute, with rea-

sonable certainty, the large increases in its counting rate to a

specific particle component. Specifically, we can use this counter

to gain information on electron fluxes in the vicinity of the earth's

magnetosphere and for this reason will discuss in greater detail the

response of the scintillation and Geiger counters to such electrons.

In the course of this discussion it will become clear that considerable

new such information can be obtained from an analysis of the correspond-

ing counting rates during the lifetimes of the two mentioned satellites.

In estimating the threshold of the first level to individual

electrons, we must take into consideration, in a straightforward manner,

the thickness of the aluminum cover and the electronic threshold.

However, when high electron fluxes enter the picture, the calculated

threshold no longer holds. In Fig. 4 (a) and (b) we show the results

of a calibration of this detector using the electron beam of a Van

de Graaff accelerator. A Faraday cup was used to measure the number

of electrons striking the detector. The dotted portions of some of

the plots in Fig. 4 (a) correspond to regions where flux measurements

could not be made, so that other means had to be used to estimate the

fluxes involved. We believe that these estimates are within a factor

of 2 of the actual flux values. On the basis of a response to indi-

vidual electrons, we find that the detector used in the calibration

should not have responded to electrons with energies below about 140 keV.

Nevertheless, a brief examination of the results discloses the following

facts. I) Monoenergetlc electrons with an energy as low as 40 keY were
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detected when fluxes were sufficiently high. 2) The counter's

efficiency appears to rise sharply above an electron energy of about

60 or 70 keV. 3) This efficiency is heading for its limiting value

of I as the electron energy increases and the fluxes decrease. The

last observation is obviously expected. The detector obviously responds

to electrons with energies below the calculated individual particle

threshold through pulse pile-up. As for the sharp increase in the

efficiency, it is most likely related to the fact that the thickness

of the shield is approximately equal to the range in aluminum of a

65 keY electron.. Thus, electrons having an energy in excess of 65

keV have a good probability of penetrating this aluminum cover and

accounting directly for the light produced in the scintillator. On

the other hand, electrons below this energy can only be detected

through the bremsstrahlung which they may produce when they stop in

the aluminum. The abrupt change in the efficiency apparently indicates

the point at which the lower order process begins to dominate. The

results of this calibration bring out two important points regarding

this detector. We notice first that the latter is non-llnear as

regards electron fluxes so that it does not constitute a particularly

suitable device for absolute flux measurements. On the other hand,

the sharp rise in its efficiency above an electron energy of about 65

keY considerably narrows the energy interval which includes an effective

energy threshold for this counter. The other point is that, as Fig.

4 (b) shows, this detector is quite sensitive for electron energies

above 65 keV and this high sensitivity is the basis of some important

capabilities which we will discuss shortly.
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Next we shall consider very briefly the Geiger counter whose

data we are also using in interpreting the flrst-level counting rate.

This counter is a halogen-filled, dlsc-shaped device, with an active

region 4.45 cm in diameter and i cm thick. Its energy thresholds for

electrons and protons are about 2 and 24 meV respectively but it can

also respond to lower energy electrons through the bremsstrahlung

which they produce in its walls, although with a much lower efficiency

than the scintillation counter. As in the previous case, a calibration

was conducted using the monoenergetic electron beam from an accelerator.

These results are shown in Fig. 5. Since no pulse pile-up is involved

in this case, it is expected and indeed observed that the counting rate

varies linearly with flux, for a given electron energy. Thls calibra-

tion reveals that data from this counter are essentially of no impor-

tance when considering energies in the vicinity of 70 keV. However,

these data are definitely essential in setting an upper limit on the

energy of the electrons which make up the dominant contribution to

the counting rate of the first level.

Returning to the scintillation counter, we shall first attempt

to establish an approximate energy threshold in connection with the

flrst-level response to electrons in the magnetosphere. This thres-

hold will obviously depend on both the fluxes involved and on the

energy spectrum of these particles. Measurements of this nature have

been made recently [Montgomery et al., 1965]. It was found that the

low-energy portion of the integral spectr_n can usually be fitted

reasonably well by a power-law curve, with exponents around -3 or -4.
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Using this information along with the absolute fluxes given in the

above reference, we find that the dominant contribution to the first

level's counting rate will come from electrons in the 80-100 keV

energy range. Consequently, we conclude that an effective threshold

for this detector will be in this range. A word of caution is

necessary however, since it is perhaps possible that processes such

as electron bunching due to local wave motions, may be instrumental

in increasing the importance of the lower energy electrons [Scarf

et al., 1965].

We next consider some additional features of this detector which

stem mainly from its high sensitivity to energetic electrons. This

sensitivity can be used to advantage in obtaining l) the time reso-

lution needed when studying the highly variable characteristics of

electrons in the outer magnetosphere, and 2) the necessary directional

capabilities for detecting whatever observable anisotropic features

these particles may possess. This is because, the collection time for

each data point can be made quite small without introducing problems

in connection with the statistical significance of individual readings.

In this case however, both the collection and the repetition times,

were determined from considerations affecting the entire cosmic-ray

experiment and not the electron detecting capabilities of the

scintillation counter. Thus data from each energy level of this

counter were collected for 1.6 sec., once every 26 sec. The last

figure obviously sets the lower time limit on the observable flux

changes, when using data from individual levels of the counter. Later

we wiU see that this resolution is quite adequate for many magnetospheric
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observations. Regarding the directional capabilities of this detector,

we note that it is located in the payload with its view centered at

right angles to the satellite spin axis. Such a location is suitable

for providing some information on the directional characteristics

of the detected particles, provided certain other requirements are

met. For instance, we obviously must have some means for determining

the orientation of the detector as a function of time. Other require-

ments are that the detector must have a limited acceptance angle and

that the data collection time must be considerably shorter than the

f

satelli_e spin period. Fig. 6 shows a diagram of the scintillation

counter. We see that its angular opening is limited by an aluminum

collimator which however, still leaves a rather large solid angle of

about i sr and an opening angle around 65 deg. With regard to the

rate of spin, only Explorer XIV eventually attained a long enough

spin period to allow information on spatial anisotropies. This came

about after 3 to 4 months of precession which set in after launch

and which finally stopped, amidst a continuous decrease in the total

rate of spin, as shown in Fig. 7. Solar radiation pressure is believed

to have caused this spin behavior, as it acted on the alternately

pitched solar paddles of the spacecraft. Finally, a solar sensor

provided the necessary information giving the orientation of this

counter as a function of time. Thus there was an extended time period

in the lifetime of Explorer XIV during which the requirements listed

above in connection with the directional capabilities of the scin-

tillation counter were satisfied.
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In summary., we have seen that the magnetospherlc measurements

conducted with Explorers Xll and XIV can supply l) estimates on the

fluxes of electrons in the energy region around I00 keV; 2) the time

histories of these electrons with a resolution of the order of .5 mln;

3) any detectable directional information pertaining to these particles,

such as anlsotroplc fluxes due to trapping in a magnetic field, etc

It is of interest to mention the fact that a detector whose response

to low energy electrons bears some resemblance to the above descrip-

tion of this counter was flown aboard the IMP-I satellite and measured

what were interpreted as fluxes of electrons with energies above 30

keV [Fan et al., 19643. In this case, the shield was thin enough

to allow such particles to reach the sensitive area of the detector.

Pulse pile-up was again an important factor since the detectorls

response was extended to electrons with energies considerably below

its electronic threshold.

As a final word about the operating stability of this detector,

flight calibration data were provided continuously by a small Pu_z9

alpha-partlcle source mounted in front of the dlsc-shaped scintillator.

The pulse-helght spectrum of this source in Csl is sharply peaked

and the position of this peak determines the thresholds of the

various channels. Flight data indicated that the first level elec-

tronic threshold of the counter aboard Explorer Xll remained

reasonably stable after an original setting at about 120 keV. On the

other hand_ the same threshold of the detector aboard Explorer XIV

displayed a continuous drift which must be taken into consideration

when we analyze the data. Thus Fig. 8 shows in this case_ that the
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first level threshold increased by about a factor of 3 during the

lifetime of this satellite. We may mention that this gain shift took

place at a time when the intensities of trapped electrons in the path

of the satellite had been enhanced due to the injection in the trapping

region of _-decay electrons from the fission fragments of the "Starfish"

nuclear explosion which took place on July 9, 1962 [Brown et al., 1963;

Van Allen et al., 1963]. These electrons are believed to have been a

major factor in this gain reduction. Because of the complicated

response of this detector, it is not immediately clear how this gain

shift has affected the counting rate. The effect will obviously depend

on the effective energy threshold of the detector, and therefore, on

the electron energy spectra and the fluxes involved. Of great signi-

ficance, of course, is not Just the total energy of the electron but

also the fraction of this energy lost inside the scintillator. A

3-fold increase in the electronic threshold of the detector simply

indicates that a given pulse height will require an energy loss inside

the Csl 3 time greater than it did originally. Thus, for electrons

near 65 keY, the equivalent energies do not differ greatly, whereas,

this difference obviously increases for more energetic electrons.

From earlier considerations regarding the effective energy threshold

of this detector, we conclude that, in all probability, the shift in

its threshold did not result in a disproportionate change in the

counting rate.

We can obtain some indication whether this was the case by com-

paring our data with the corresponding data of other detectors aboard

the same satellite. Such a comparison was made using published data
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from 5 satellite orbits in the time interval from Oct 24, 1962 to

July Ii, 1963 [Frank, 1963]. Fig 9 summarizes the results of this

comparison. Since the detectors whose counting rates we correlated

have different response characteristics, we have made an effort to

include in this plot only the data from outside the trapping region

where the electron spectra are expected to be reasonably similar at

all times. This plot shows that the two sets of data are uniquely

related over the interval in which the threshold shift took placej

thus, confirming what we have already concluded.

i

°



Ill. DATA REDUCTION

%,

Before ending this description of the experimental aspects of

this investigation, it is appropriate to make a few remarks regarding

some of the problems which we have faced in connection with the reduc-

tion of satellite data. Our primary concern in this case was to

put the information contained in the countin 8 rates of the scln-

tillatlon counter's first two levels and of the Geiger counter into

a form which would allow us to conduct a rapid but also accurate

analysis of this information. The data were obtained in the follow-

ing manner. The three levels named above, alon 8 with the seven addi-

tional ones, were connected with a 15-bit accumulator as shown in Fig.

10. Counts were collected in each level for about 1.6 set., once

every 26 sec., so that there was a 2.6 sec. interval between changing

levels. After 12 complete cycles or a little over 5 rain., there was

a 2-min. gap in these data, durln 8 which time the data from the scin-

tillation telescope were read out.

Digltal computers have been used extensively in putting these

data in the required form for plotting and for the other manipulations,

and in calculating a number of spatial parameters characteristic of

the satellite's instantaneous position during its orbit (i.e. magnetic

latitude, longitude, sun angle, the corresponding quantities with

reference to the ecliptic plane etc.). Noise problems have been

frequent and are directly or indirectly responsible for large data

gaps, particularly during the precession of Explorer XIV, when the

- 24-
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signal reception from the spacecraft became variable as its polariza-

tion changed from linear to circular and back to linear with changes

in the aspect angle. A large portion of this data loss occurred

during the digitization process and it is due to a number of factors

such as timing errors, loss of synchronization, etc. Frequently,

partial losses result from one or more missing digits from the 5 octal

digits which make up each accumulator position. In addition, erroneous

accumulator readings are often encountered and are usually eliminated

by subjecting each reading to a number of tests incorporated in the

computer program which handles these data. The counting rates of the

scintillation counterts second level and of the geiger counter have

been averaged over 7-min intervals before plotting to somewhat

reduce the large volume of these data. The first level data however,

are filled with large, short-term fluctuations, so that averaging is

not particularly helpful in this case. Nevertheless through the use of

fast automatic plotters, it has become possible to present in a

reasonably short time, a complete and accurate history of the first

level counting rate, during the lifetimes of the two satellites.

Fig. ii shows the inbound pass of Explorer XIV, on Jan 3, 1963. We

have plotted (point-by-point) the first level counting rate versus

universal time. Line plotting has been interrupted whenever consecutive

points are two or more min apart along the abscissa. Thus, every 5

mln we see the expected 2-min gap which is in addition to other gaps

resulting from noisy data. The plotter has also been programmed to

interrupt line plotting when consecutive points are more than one order

of magnitude apart along the ordinate. For, in attempting to minimize



-26

the loss of information due to noise in the data, we have conslderably

relaxed the tests applied to validate these data. Thus, we are

frequently faced with the problem of isolated points which, when

traced back to the raw dataj are easily shown to be in error but

which are included in our plots for the reason stated above. _n

general, it is quite easy to recognize such errors during the analysis

of the data.

Another point of interest which this figure demonstrates is the

upper limit in the counting rate corresponding to the capacity of the

accumulator. When this rate exceeds 32,767 counts/1.6 sec, or multiples

of this number, the accumulator is reset. Thus it is often possible

to estimate much higher counting rates, simply by making use of the

characteristic pattern which the first level plots assume when high

counting rates are involved. For example, a closer look at the plot

reveals that at about 0910 UT, the counting rate is approximately

96,000 counts/l.6 sec. We may finally mention that all first level

plots have been prepared in the same manner to sh_w the counting

rate as a function of time. In addition, convenient orbital paremeters

have been included along the abscissa to facilitate the analysis of

these data.



IV. THZ SUNLIT MAGNETOSPHERZ

Near the noon meridian, our electron data show an uaually

well-defined particle boundary, beyond which only occasional spikes in

the counting rate are seen. This pattern is in substantial agreement

with the observations of other investigators [i.e. Freeman, 1963;

Anderson et al., 1965; Fan et al., 1964; Frank and Van Allen, 1964].

Fig. 12 shows the relevant data from a large portion of the Explorer XII

orbit on Oct 8-9, 1961. In the three plots of this figure we show as

a function of time 1) the integral counting rate (counts/1.6 sec) of

the scintillation counter's first energy level, 2) the corresponding

rate of the second level, averaged over 7-min intervals, and 3) the

similarly averaged counting rate of the Geiger counter. Geocentric

distance marks have been placed every 10,000 km along the abscissa,

accompanied by the corresponding geomagnetic latitudes and the

°_nagnetic sun-angles" (i.e. the projections of the satellite-earth-sun

angles on the geomagnetic equatorial plane). When referring to these

angles, we follow a convention by which positive values ranging from

0 to 180 deg. indicate a satellite position in the dawn side of the

magnetosphere, while negative angles in the range from 0 to -180 deg.

indicate that the satellite is in the afternoon side. This conven-

tion is demonstrated in Fig. 1. The background counting rate of the

first as well as of the second levels is due for the most part to

calibration alpha-particles and to cosmic rays. Both the outbound

and the inbound passes in the above figure, are suitable examples of

what we refer to as a well-defined particle boundary. It is seen

-27-
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that neither the second level nor the Geiger cou_ter begin to indi-

cate any enhancement of particle fluxes until the satellite is well

inside the magnetosphere. &eference to our earlier discussion of

these detectors results in crediting the initial increase of the first

levells counting rate to low energy electrons. More specifically, we

have already seen reasonable Justification for this response being due

predominantly to electrons with energies around 80 to 100 keV. We

should mention, however, that in all cases in which we have attempted

to compare our data with the 40-keV electron data from the experiment

flown on the same satellite by the State University of Iowa, we have

seen similar histories between the two counting rates, so that the

energy threshold of the detector is apparently not a major issue for

much of our discussion.

The relative behavior among the counting rates of each of the

three levels shown in this figure, is very typical of all the cases

which we have examined up to the present, except for the few situa-

tions when cosmic rays enter the picture. For this reason, we will

refer to the first level data from now on, as indicating low-energy

electron fluxes, without making specific reference to the other two

levels, unless such reference is made for other purposes. Assuming

now that the observed particle boundary signifies the termination of

trapping in the earthts field, we may consider a number of observations

concerning the nature and location of this boundary. Much of our

work in the sunlit magnetosphere simply confirms previous findings so

that, It may be used as a guideline in the interpretation of other

observations, particu!arly in the dark magnetosphere.
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We have observed that the rate at which the first level count-

in@ rate changes upon entering or leaving the trapping region, is

very much dependent upon the degree of magnetic activity. A commonly

used measure of t_is activity has been the Kp index which is indi-

cative of world-wide magnetic field variations. Many correlations

have been shown to exist between this index and various observational

quantities. Of great importance, from our point of view, has been a

positive correlation between Kp awi the observed streaming velocity

of the solar wind [Snyder et al., 1963]. The bulk velocity of the

solar plasma will presumably have a major role in determining the

nature of the outer edge of the magnetosphere. Another relevant

correlation has been made by Freeman [1963] who found that the Kp

indices are generally related to the low-energy electron fluxes inside

the magnetosphere. Our observations which have a bearing on this

topic are sumnarlzed in the following figure. In Fig. 13 (a) we

see a case of a smooth and gradual transition from lower to higher

counting rates, as we enter the magnetosphere. The 3-hour Kp indices

during this time are quite low. On the other hand, the period in Fig.

13 Co) which corresponds to generally high Kp values, is seen to be

characterized by sharp spikes and a rapid increase in the counting rate.

The same observation pattern holds rather well in a number of other

cases of sunlit hemisphere observations, especially for local times

not very far from local noon. A more detailed study of this pattern

would require the replottin@ of the countin 8 rates as a function of

distance instead of time as we are looking here for a spatial rather

than a time dependent behavior o£ the observed counting rates. There-

fore, we will at this time restrict our discussion of this trend to
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the few qualitative remarks already made.

Turning now to another point, we have mentioned earlier that

satellite data have shown that the radial extent of the magnetosphere

near the noon meridian is almost identical with the extent of the

region of ordered and dlpole-llke magnetic fields. Thus, it is

reasonable to expect that charged particle trapping will terminate

at about the same location where the abrupt field changes mark the

position of the magnetopause. This, in fact, has been confirmed

in a few cases [i.e. Cahill and Amazeen, 1963; Freeman et al., 1963].

On the other hand, the radial magnetic field configuration of the

magnetospheric tall indicates that sustained or durable trapping in

this region must terminate much closer to the earth than the extent

of the geomagnetic influence. This too has been confirmed by previous

observations [Frank, 1964; Anderson et al., 1965]. However, very little

detailed information is available thus far regarding the location of

the trapping boundary as a function of local time. In other words,

it is not known Just where the separation of the two boundaries takes

place. We have extracted from our data the necessary information to

map the observed particle boundary as a function of the magnetic sun-

angle. Fig. 14 shows such a map containing data from the region within

I0 de8. from the geomagnetic equatorial plane. Fig. 15 covers the

remainder of the magnetic latitude range of our data, this being

approximately from -40 deg. to +30 deg.

Before we elaborate any further on these plots we should note a

few facts related to their construction. We have seen that in some

cases, the Identlfieatlon of a unique particle boundary is rather
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unambiguous. This is generally true near the subsolar point. How-

ever, as we approach the edges of the sunlit hemisphere, we find an

increase in the occurrence of cases not identified with a well-deflned

termination of particle fluxes. Such cases are usually correlated

with disturbed conditions and are not included in these two plots.

Furthermore, we llke to emphasize that, although in many cases we

are able to identify the particles inside the boundary as being trapped,

from the spln-modulated counting rate, there are occasions when such

an identification cannot be made. This is particularly true when

this counting rate rises in a very short time from background to tens

of thousands of counts per second. The spin modulation is also diffi-

cult to identify in data from Explorer XII due to its fast spin rate

and in the data from Explorer XIV during the first 3 to 4 months of

its lifetime. The use of spin modulation for the identification of

trapped particles will be later discussed in greater detail_ in

conjunction with electron fluxes in the dark magnetosphere. At the

moment, it will suffice to state that Fig. 16 is a typical example

of a case which we claim, is characterized by spin modulation and by

a unique particle termination, at a magnetic sun-angle of about

-109 deg. (i.e. at a local magnetic time of 19 hrs., 15 rain.).

Returning now to Figures 14 and 15 for a closer examination, we

make the following observations. We first notice that the data from

the two satellites are fairly similar in those places where a spatial

overlap occurs. This provides us with the necessary Justification

for this unified treatment which we are presently pursuing. We

further observe that the equatorial data indicate that the quiet-time
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trapped particles terminate at a well-defined average location through-

out the sunlit magnetosphere. Near the noon meridian, the two plots

are very similar, so that the particle boundary is least dependent

on magnetic latitude in this region. As we move away from this

meridian however, we see that the particle fluxes at higher latitudes

generally terminate closer to the earth. This latitude dependence

is evidently reflected in the large scatter of points in the plot of

Fig. 15, since the latter includes data from a larger latitude range.

Other observations pertaining to the dark magnetosphere will be

discussed later.

We try next to determine the extent to which the particle boun-

dary of Fig. 14 is identified with the equatorial shape of the mag-

netopause, as determined by local magnetic field measurements and by

available theoretical treatments. Such treatments were for the most

part based on the assumption that the solar wind interacts with the

earthls field as a free molecular flow. The validity of this assump-

tion is now seriously in doubt but it so happens that the pressure

distribution near the subsolar or stagnation point has the same form

whether the solar wind interacts as a coherent medium or as a stream

of independent particles [Axford, 1962]. For this reason, it is

expected that the shape of the actual boundary in this region will

not be very sensitive to the particular interaction mechanism involved.

We choose first for comparison with our data the shape of the

magnetopause from the work of Mead and Beard [1964] normalized to

approximately 10.8 Re at the noon meridian. In Fig. 17 we superposed

this shape on our equatorial data from the sunlit magnetosphere.
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We note that no corrections have been applied to these data. The

agreement shown by this plot is very good. The apparent discrepancy

near the dawn meridian is artificial because, the available equa-

torial data in that region are such as to exclude the larger distances.

In Fig. 18 we superposed the same magnetopause shape on the higher

latitude data. This is done to show that near the subsolar point the

fit is good once again but that away from it the latitude effect

becomes quite evident, more so than one could explain in terms of the

latitude dependence of the theoretical magnetopause.

Regarding comparisons with local magnetic field measurements, we

have at our disposal a few cases of magnetopause crossings as indi-

cated by data from the onboard magnetometer, as well as data from a

greater number of such crossings by the IMP-1 satellite ENess et al.,

19641. However, it is clear that the latter data can only be used

as a group. From the few cases in which comparisons between nearly

simultaneous magnetic field and particle measurements were possible

it became obvious than within the accuracy of our plots, trapped

electrons near the equatorial region terminate at locations which are

identical with the corresponding magnetopause positions, in agreement

with the few previous observations to which we have referred. The

]]_P-I data on the other hand, have shown that the location of the

magnetopause between the noon and dawn meridians is in good agreement

with theoretical shapes such as the one from the work of Mead and Beard

which we have used. What remains, therefore, is a direct comparison

between our particle bouwiary near the equatorial region and the IMP-I

results which are shown in Fig. 19. We note that, since no effort
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was made to apply any corrections to our data, we have made use of

the similarly uncorrected results from the above reference. However,

the comparison still requires that our data be replotted on the

ecliptic plane in order to be consistent with the plot of Fig. 19.

A combined plot resulting from the two sets of data is shown in

Fig. 20. We may mention that the magnetic field data contain no

latitude selection. It is not known however, if such a selection

would have resulted in any changes in the average location of the

boundary which they define. As it is, the agreement between the two

sections of Fig. 20 is quite good.

Summarizing the results of this section, we note that we have

obtained rather substantial evidence to the effect that the quiet-

time equatorial trapping region has a well-deflned averase termination

extending out to the boundary of the magnetosphere throughout the

sunlit side. We have shown in a qualitative manner that the rate of

the transition of the electron fluxes near this termination appears

to correlate with the Kp index. Regarding dependence on magnetic

latitude, we have seen that the surface bounding the trapping region

appears to be in the form of a spherical cup near the subsolar point,

with an increasing trend of the electron fluxes to assume a wedge-llke

shape away from this point. Finally, there appear to be no large

asymmetries (if any at all) about the noon meridian in the trapping

region of the sunlit masnetosphere. The apparent dawn-to dusk s_nmnetry

of trapped particles in the sunward side implies that, some recently

observed asymmetries in connection with magnetospheric electrons at

about 17 Re [Montgomery et al., 1965] apply probably only to transient
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electrons which are frequently encountered in the transition region

and in the tail of the magnetosphere.

°



V. TE DARK MAGNETOSPHERE

k. The Extent of the Trappin_ Region.

Looking once again at Fig. 14 we find that we were able at times Co

speclfy a particle boundary in the dark magnetosphere. We can state

Chat generally, no such partlcle termlnatlon can be seen except on very

quiet days. That is, the dark magnetosphere conditions appear to be

strongly dependent on the degree of magnetic acClvlcy. We can demonstrate

Chls with appropriately chosen satelllce passes; Fig. 21 shows the

Explorer XIV inbound pass of January 6, 1963. This day was exceptlonally

quiet. The daily sum of the 3-hr Kp indices was Just O+ [ Lincoln, 1963 ].

We see Chat the location at which the observed electron fluxes terminate

is rather unambiguous, occurri_ near 13 Re, only 20 de S. from the

magnetic midnight meridian. As the satelllte approaches the earth from

this point, the counting rate is characterized by a periodic structure

which is superimposed on a gradual and contlnuous increase. This fine

structure is caused by trapped particles which, as is well known, have

unequal intensities at various angles to the magnetic field vector about

which they sp/ral. Since the sclntillatlon counter is mounted on a plane

perpendicular to the satelllte spin axis, we would expect to see this

anisotroplc feature (whenever it exists) provided that the spin axis is

not nearly aligned with the magaeCic field.

Fig. 22 shows another case when trapped partlcles appear to extend

out to 12 Re, at a magnetospherlc locatlon less than 10 des. from magnetic

midnight. These data are from the inbound pass of February 4, 1963, at

a time when Kp was never above 0 +. Unfortunately, lar|e data Saps

-36-
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obscure the particle picture beyond about 12 Re. Nevertheless, this

pass provides additional evidence that the trapping region in the dark

magnetosphere does on occasion extend to distances beyond the correspon-

dlng average boundary location of the sunlit side.

We can further convince ourselves that we are detecting trapped

and not screaming particles by correlating the first level counting rate

with data from a sun sensor aboard the same satelllte. These g£ve us

directly the orientation of the scintillation counter in relation to the

plane def£ned by the satellite spin vector and the satelllte-sun direction.

Fig. 23 shows the correlation for a 5-m£n. interval, Just after the satel-

llte entered the region characterized by the spln-modulated counting

rate, during the February 4 pass. We may note that, because the time

elapsed between successive data points exceeds the satelllte spin period,

the sequence in which points appear in this plot is not the same as the

order of their acquisition. This allows a positive Identi£1catlon of

time variations in the counting rate, as compared to those varlatfons

which show a dependence on solar aspect. We clearly see in the figure,

as we have already anticipated, that the observed countln 8 rate is strongly

dependent upon the solar aspect angle, i.e., the angle between the

detector and the reference plane mentioned above. If the anlsotroplc

£eatures of the countin s rate result from particles streamin8 preferen-

tially in one direction, we cannot expect any periodicity with a period

other than the satellite spin period. On the other hand, a spatial

anisotropy which is attributed to trapped particles will usually be

characterized by axial syumetry about the direction of the magnetic field.

This means that the features of a plot such as the one shown in Fig. 23,
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will repeat every 180 deg., which indeed is the case. Experlmental

evidence has shown that stably trapped partlcles have fluxes which

have peak values at right angles to the magnetic fleld vector and minimum

ones along this field. Thus, if this situation exists, the angle at

which we observe the minimum counting rate defines the plane of the

magnetic field and the satellite spin axis. The minimum in the counting

rate occurs when the detector crosses this plane, this position being the

one of closest approach to this field. The field direction itself

cannot be deduced from this information alone, but additional considerations

are possible which furnish more clues regarding this direction. For

instance, if we assume that the actual magnetic field vector lies in

the calculated magnetic meridian plane (based on a simple magnetic dipole)

through the satellite position, or to express it differently, that this

vector has no azimuthal component, we uniquely specify its direction in

space. This assumption should be especially valid in the case of the

inbound pass of February 4, when the satellite remained for an extended

period of time near the magnetic midnight meridian. This and other

considerations will later be used to extract from trapped particle data

whatever information we can, regarding the field and the partlcles in the

outer edge of the trapping region, near the antlsolar direction. Since

this is the first time to our knowledge that trapped particles of this

region have been identified out to such great distances, this information

is of considerable value.

The above cases of electron fluxes during very quiet conditions may

now be compared with data fro,, a disturbed day, shown in Fig. 24 and

taken froa the Explorer XIV inbound pass of January 30, 1963, llsted as
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one of the five most disturbed days of the month _ Lincoln, 19631 • Here

the counting rate has a completely different history; we see neither

evidence of a sustained anlsotropy nor any obvious termination of particle

fluxes. Instead, the large and frequent variations shown in this figure

strongly imply the existence of turbulent conditions. From the findings

of Anderson et el. [ 1965 3, it is very likely that these conditions extend

to distances beyond 30 Re. Thus, it appears that the region of the dark

magnetosphere in which durable trapping occurs, decreases rapidly with

increasing activity, giving way to highly variable conditions which, to

some extent, may be indicative of the solar wind-geomagnetic field inter-

action.

We see yet a third picture, separate portions of which resemble each

of the two previous cases. We illustrate this by presenting in Fig. 25

data from the inbound pass of Feb. 5, 1963, a relatively quiet day. This

figure shows a clear transition from generally isotroplc and transient to

trapped electron fluxes, taking place when the satellite is between 8 and

9 Re, as it moves toward the earth. There is supporting evidence which

implies the sudden hardening of the electron spectrum in coincidence with

the commencement of trapping [Konradi, private communication 3. A similar,

sharp transition into high and stable electron flux regions has been

observed before with omnidirectional counters [Frank, 1964; Anderson et al.,

1965 3. We may point out, however, that the information presented here

enables us to use a minimum of speculation regarding the nature of the

particles from either side of the observed transition.

To summarize, we have seen that the extent of the trapping region in

the dark magnetosphere depends to a large extent on the degree of activity.
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On quiet days, trapped particles have been detected out to 13 Re, whereas,

with increased activity the outer portions of the trapping region are re-

placed with what appear to be, isotroplc and variable fluxes of softer

electrons.

B. Particle Distributions and the Nature of the Trappln K Field.

Having described the general characteristics of lo_-energy electrons

encountered in the dark magnetosphere by Explorer VIX, we next reexamine

those particular cases in which a visual inspection of the first level

plot has revealed spln modulation, which in turn implies the presence of

a spatial anisotropy. We may begin with the inbound pass of Feb. 4, shown

in Fig. 22, assuming that the maximum counting rate is seen at right angles

to the magnetic field. We will express all relevant directions in terms

of the two convenient variables, the magnetic latitude _ and the magnetic

sun angle _ which we have previously defined. From plots such as the one

shown in Fig. 23, constructed at various points along the satellite

trajectory, we have established as a function of time the solar aspect of

the detector at minimum counting rate as shown in Fig. 26. We have here

what appears to be a transition taking place either in the magnetic field

direction or at the angle with respect to this field at which the minimum

counting rate occurs. We see little or no modulation in the interval

between the different situations which exist from either side of this

transition. As explained earlier, although our information is not sufficient

to produce a unique magnetic field direction, we can effectively narrow

down the range of possibilities by using some well-Justifled assumptions.

The general tendency of the distant magnetic field in the tail of the

magnetosphere to align itself along the earth-sun direction, suggests
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that the moat obvious assumption in this case, (i.e., so near the anti-

solar direction) is that the magnetic field vector lies on a plane of

constant longitude. Using this assumption along with solar aspect

information and the known spatial coordinates of the satellite and its

spin vector, we arrive at the field directions shown in Fig. 27(a). Each

point in this figure represents a satellite position in a meridional

plane, with a complete neglect of longitudinal changes. For comparison,

we have included the corresponding directions of an undistorted dipole

field. It is quite obvious that the field directions deduced from the

earlier aspect data of Fig. 26 are in large disagreement with any reasonable

field configuration which we could expect in this region. On the other

hand, the later aspect data from the second section of the same figure,

result in a field orientation in much closer agreement with the undistorted

dipole. The near-isotropic conditions in the region between the two

sections are somewhat of a puzzle, since during this time, the spin vector

and the dipole field are nowhere near alignment, yet the observed modulation

of the counting rate goes through a minimum at this point.

In an attempt to gain better understanding of these observations, we

now turn to similar data from the inbound pass of Jan. 9 shown in Fig. 28.

This pass is of particular interest to us because data from the onboard

magnetometer have been made available for the appropriate time interval

[Cahill, 1964; R. Kaufmann, private communication ]. The direction of

the local field is contained in two angles, of which the angle $ is the

angle between the spin vector-sun direction plane and the spin vector-

magnetic field vector plane. If our basic assumption regarding the

direction relative to the magnetic field vector at which the maximum
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particle flux is observed, is correct, then the solar aspect angle

pertaining to the scintillation counter's direction at minimum counting

rate is identical (or differs by 180 deg.) with this angle $ . This

provides us with the opportunity of a direct comparison between the

particle and the corresponding magnetic field data. Such a comparison

for the Jan. 9 data is shown in Fig. 29. The agreement is indeed poor

but the discrepancy is almost constant and near 90 deg. throughout a

4 to 5-hour interval after the trapped particles were first observed

during the pass. In fact, this comparison suggests that the solar aspect

angle at maximum counting rate is very nearly identical with the angle

which, if shown to be correct, implies that throughout this interval,

trapped particle fluxes peak essentially along the field lines. This

would certainly explain the lack of any agreement in our effort to

deduce the direction of the field at the outer poztion of the trapping

region in the dark magnetosphere. We must now show that closer t_ _:he

earth, in regions where past investigations have shown trapped particle

fluxes peaking at right angles to the magnetic field, our minimum counting

rate solar aspect is nea_ agree,mnt with the corresponding $. Unfortu-

nately, the Jan. 9 data, after about 0920 UT, are missing. Thus, a

comparison with magnetometer measurements closer to the earth is not

possible in this case. However, somewhat of a similar situation exists

during the previous inbound pass of Jan. 7, for which magnetometer data

are also available. Only, spin modulation is not seen here until after

2045 UT, when the satellite is at about 8 Re geocentric distance. At

this time, the solar aspect at minimum counting rate is again 80 deg. to

90 deg. out of phase with the corresponding _. Data at 2218 UT and
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about 6 Re, however, are in very good agreement with both the dipole

field (based on a normal pltch-angle distribution) and with the

magnetometer data.

The last example of this type of particle behavior, and perhaps the

best illustration of what appears to take place, is provided by the Jan. 6

inbound pass shown in Fig. 21. The orbital parameters of the satellite

during this exceptionally quiet day are almost identical with the

corresponding information of the Jan. 9 pass. We may therefore expect

some similarity in the magnetic field situation, at various points along

the satellite path, between these two orbits. We will assume this to be

the case, since no magnetometer data have been made available for the

Jan. 6 orbit• In Fig. 30 we show the solar aspect angle at minimum

counting rate, as a function of time. The dotted portion of the plot

corresponds to the well-defined segment in Fig. 21 where a minimum of

spin modulatlon is seen. Just as in the Feb. 4 case, we again see roughly

a 90 deg. change in this angle, taking place across this region of near-

isotroplc conditions. The sections of the plot immediately preceding

and following this dotted portion are in good agreement with the data of

Fig. 29 and the interpretation we have given to them. Apparently, were

more data available on Jan. 9_ we would have seen a similar transition at

that time into angles in close agreement with the magnetometer data. This

is well supported by the fact that the observed percentage of spin

modulation during the Jan. 9 pass is rapidly decreasing (see Fig. 28)

Just before the data are interrupted.

In reviewing the last few examples of anlsotropic fluxes due to

trapping, we see rather strong evidence to the effect that electrons
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trapped in the distant geomagnetic field and near the midnight

meridian have distributions with peak values along the field lines

instead of the more usual case of a maximum flux at right angles to

the magnetic field, which is known to dominate the picture closer to

the earth. We have also seen that the changeover from the one type of

distribution to the other takes place across a region located at about

7 to 8 Re at small angles to the equatorial plane, and characterized by

near-isotropic conditions. We find some evidence that this region

tends to move inward with increasing activity.

Returning now to our previous attempt to extract mangetic field

information from trapped particles, we replot in Fig. 27(b) a new set of

field directions for the points of Fig. 27(a), after making the neces-

sary corrections in our assumption regarding the direction of the maximum

particle flux relative to the magnetic field vector. These changes

of course do not affect the three inner points of the previous plot.

We see that the new field directions imply an almost radial field,

something that is certainly acceptable in view of the spatial region

involved. The small, near constant angle which this field makes with

the geomagnetic equatorial plane could be a consequence of the oblique

incidence of the solar wind at this time, which will undoubtedly affect

the position of the effective equatorial plane at large geocentric

distances. On the other hand we must remember the approximate nature of

these deduced field directions, since the concept of a constant longitude

field is probably only partially correct at these large distances, even

at small angles to the antisolar direction.
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Wemay also attempt to extract similar magnetic field information

from the Jan. 6 and 9 data. Here, however, we are somewhat removed

from the midnight meridian and the constant longitude assumption is

O

certainly open to considerable doubt. We approach this problem in a dif-

ferent manner. From all possible field directions consistent with our

data, we may look for the direction closest to the undistorted dipole.

This will provide us with some indication regarding the minimum dis-

tortion from the dipole shape, which we cqsn expect the actual field to

have, and with the probable form of this distortion. In Fig. 31(a) we

show the meridional view of this closest approach field corresponding to

the Jan. 6 data, as summarized in Fig. 30. Again, the dotted arrows

indicate a generally "stretched" field which can be almost in complete

agreement with the direction of the dipole as we go to smaller geocentric

distances. The four points which do not follow this description may

simply indicate that at these locations, the maximum in the pitch-angle

distribution is not along the field lines, as it was assumed to be.

However, we can also point out that the appearance of the field in these

points is as if we are crossing an effective magnetic equatorial plane,

something which must certainly be considered in view of the large nega-

tive magnetic latitude of the subsolar point. We will return to these

points after examining next the equatorial view of this field. This view

is shown in Fig. 31(b) along with the correspondin E magnetic longit_des

of the undistorted dipole• Here again, with the exception of the same

four points, (the first point actually is not included in t_e figure),

we see that the minimum possible deviation from the direction of the

dipole increases with geocentric distance, the general tendency being
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for the field to align itself with the earth-sun direction. Again,

almost complete agreement with the dipole becomes possible at the

innermost points.

Regarding now the points which do not fit in this picture, it is

strongly implied by the plot in Fig. 31(b) that acceptable longitudes

of the field in these points should be much nearer the midnight meridian.

If we assume that this is the case and replot Fig. 31(a) after changing

the field directions of the four outermost points accordingly, we get

the plot in Fig. 31(c). It is clear that the change from the previous

meridional view is almost insignificant. This is an indication that in

this case, the latitude of this closest approach field is weakly

dependent on the choice of the corresponding longitude. Thus, the field

behavior displayed in these four points is very likely real and we

therefore believe that we are crossing the effective equatorial plane

which is displaced from that of the undistorted dipole because of the

oblique incidence of the solar wind. In support of the above observations,

the meridional and equatorial views which fit the 5an. 9 data are shown

in Fig. 32(a) and (b). In this case all points are consistent with a

field deformed in the manner described above.

Summing up the above results concerning the direction of the geo-

magnetic field in the dark magnetosphere, as deduced from trapped

particles, we have seen evidence implying that, at the outer edges of

the trapping region and near the equatorial plane, the field shows a

tendency - which increases with distance - to align itself with the earth-

sun direction.
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C. Other Temporal and Spatial Characteristics

As was explained earlier, the first level counting rate pertainit:g

to stably trapped particles usually exhibits a periodic behavior w_t!_

a period equal to one half the satelllte spin period. Thus, we can

fold a plot such as Fig. 23 on itself, by adjusting aspect angles over

180 deg., so that all angles in the plot fall in the range between 0 and

180 degrees. In fact, this will give us some indication whether the

expected symmetry does indeed exist. This we have done in Fig. 33

with data from two appropriately chosen time intervals from the Jan. 9

inbound pass. Considering first the plot in the figure which correspond_

to data ontalned at 0731UT (this is the mean time of the 5-min. interval),

we see no apparent distinction between the group of points corresponding

to angles which we have adjusted and the remaining points in the plot.

We interpret this as an indication that there is no sustained net flow

of electrons on a time scale that we can detect (of the order of a fe_

minutes or higher) or in a direction that we can see. This plot is

representative of practically all cases of trapped partlcles which w_

have thus far examined. Deviations from the expected smooth curve

are often seen, but usually they do not indicate a sustained preferev_t!al

flow. We have found however, what appears to be Just one example of

such flow, at a geocentric distance of 11.5 Re, which we show as our

second example in the above figure. The usual symmetry about 180 deg.

appears to be absent. The points of this plot were obtained in time, in

the order shown in the figure, from left to right, so that the effect we

see here cannot be explained as a change in time. If what we see is
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indeed a preferential flow, the latter is consistent with a higher

electron flux directed away from the earth. This implies the existence

of an acceleratlon mechanism inside the location of the satellite when

these data were obtained. It is of interest that this example occurred

outside the region where, according to our data, pitch-angle distri-

butions of trapped particles tend to isotropy, and at a time when electron

fluxes were peaking along the magnetic field lines.

The greatest portion of dark magnetosphere data in our possession

involves electron flux patterns similar to those we have seen in Fig. 24.

Although such fluxes exhibit no obvious anlsotropic features, we must

nevertheless explore the possibility that such features may exist in a

somewhat less obvious form. They may for example result from particles

streaming along the highly aligned magnetic field lines of this region.

In fact, preliminary results of particle measurements carried out with

the circularly orbiting Vela satellites, have indicated support for the

existence of such streaming [ Asbrldge et al., 1965] Since the mag-

netic field alignment is more or less along the earth-sun line, we may

look for posslble enhanced electron fluxes at small angles to the two

opposite solar aspects defined by this line. In Fig. 34 we show all

data points from the inbound pass of Jan. 24 within 20 deg. of 0 and

180 deg. solar aspect. At the starting point of this plot, the satellite

is located at a distance of about I00,000 fun and very near the midnight

meridian. Its spin vector makes an angle of 52.5 deg. with the earth-sun

direction. In view of the large acceptance angle of the scintillation

counter, this angle is believed large enough to allow the detection of

particles streaming along the field lines, if such streaming really takes
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place. The two superimposed plots of the above figure show no evidence

of sustained streaming. Several other cases, including some when the

spin vector was more orthogonal to the earth-sun direction, have also

been examined with likewise negative results. Addltional directions

have been similarly probed but no evidence has been seen supporting the

existence of anisotropic features among the seemingly isotropic fluxes

of tail electrons.

One consistent feature of electron fluxes outside the trapping

region is the appearance of characteristic "patches" of these particles

which, for the most part, have a fast onset and a slower decay for both

inbound and outbound passes. This has also been observed by Anderson

[ 1965] who therefore suggests that these fluxes are not really spatially

stationary as our reference to them as patches may imply. We believe

that the initial fast rise in the counting rate has physical signifi-

cance in that it is probably related in some manner to the mechanism by

which these particles suddenly find themselves throughout the region

surrounding the satellite. Such a mechanism may result from an instability

(as Anderson and others have suggested) or perhaps could be a direct

result of a sudden change in the solar wind characteristics. In any

case, we will use this easily distinguishable onset to investigate the

dependence of these tail electrons on the magnetospheric variables.

Fig. 35(a) shows the number of fast-onset events within 30 deg. from

magnetic midnight, as a function of magnetic latitude. Data below about

8 Re were not included in this plot: Zn our arbitrary classification,

an event is characterized by an increase in the counting rate, exceeding

one order of magnitude within 3 minutes. We also require that the mean
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width of the resulting pulse is greater than I0 mln. The data were

normalized to take into consideration the unequal probabilities of

occurrence of the various magnetic latitude intervals due to data gaps

and to the particular type of satellite orbit which we have in this

case. The plot shows that these events tend to be more abundant near

the geomagnetic equatorial plane. Unfortunately_ the lack of sufficient

data from positive latitude regions precludes an exact determination of

the plane of symmetry. Even so, it appears that nuagnetic latitude is

a far more appropriate variable to use in describing the topology of

electron fluxes in the magnetospherlc tail (at least up to 16 Re) than

are the ecliptic and solar magnetospherlc latitudes (see for example,

Frank, [1964] and Ness, [1965] ). This conclusion is consistent with

recent electron observations at about 17.1 Re with a Vela satellite

[Montgomery et al., 1965 ].

The corresponding dependence of these electron events on geocentric

distance is next being sought; Fig. 35(b) shows the resulting plot. We

have again normalized the data to make all distance intervals equally

probable. We see that such events appear more frequently at about II Re

than at larger distances. For example, their frequency drops by nearly

a factor of 5 as we go from about 11 to 16 Re. This result is in good

agreement with a similar conclusion by Anderson [1965] . The observation

that these events become less frequent below Ii Re can probably be

attributed to the fact that this region is often occupied by trapped

particles and is therefore void of the unstable features characterizing

our events.



VI. CORRELATIONS
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The transient fluxes of low energy electrons which we have

encountered outside the trapping region of the dark magnetosphere,

and which become enhanced on disturbed days, are undoubtedly related

at some time during their history to the particles precipitating

into the earthms atmosphere to cause aurorae, increased radio noise

absorption and other related phenomena. Magnetic field variations,

particularly near the auroral zone, should likewise be representative

of conditions existing in the magnetosphere, the same conditions which

are probably instrumental in accelerating these electrons. Thus, it

is reasonable to expect some degree of correlation between the pre-

cipitating electrons (and the phenomena resulting from them) -- as

well as magnetic field variations at auroral stations -- and the

electrons in those characteristic patches in the tail of the magneto-

sphere.

It is clear however, that the probability of finding such a

correlation will depend greatly on the size of the spatial regions

involved in the acceleration and propagation of these particles and,

equivalently, in the generation and propagation of the corresponding

magnetic disturbances. In general, localization of any of these

processes will drastically reduce our opportunities of finding the

observation points at favorable positions for correlations to occur.

Phenomena directly dependent on particle precipitation are of a more

local nature than ground magnetometer observations. This fact may

well be reflected in the findings of the following attempt to compare

-51-
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the first level counting rate with magnetic and radio noise absorp-

tion records of a number of auroral stations and with a few available

data from lower altitude satellit_e_.

Early in this phase of data analysis, it became apparent that

no significant correlation existed between our electron data and

grour_i magnetograms from low latitude stations. For this reason,

the bulk of our observations have come from the magnetic records of

stations near or in the auroral zone. Lazge portions of the data

in the period of interest, from College and Barrow Alaska, from

Kiruna Sweden, Leirvogur Iceland and from Byrd Station in the Antarc-

tica, have been examined. Fig. 36 is typical of our findings. It

shows several cases of abrupt counting rate increases in our data

being nearly coincident with corresponding changes in the magneto-

grams of station_ from the above llst. Ou_ _ ubservatlons may be

summarized as follows: Cases such as those shown here are not infue-

quent. They involve for the most part, the horizontal component

and the declination of the magnetic record. _,ey tend to favor

smaller geocentric distances. Correlations are ge_,erally at their

best at the lea4ing edges of the t_early simultaneous changes in both

sets of data. Usually, neither are the widths of these pulse-like

events in close agreement, r_0r is the correlation extended over long

intervals of time, even if additional electron peaks appear in the

data. Finally, a detailed comparison between the relative positions

of the satellite and the ground station has failed to show any con-

sistent pattern. Thus, it appears that the particle acceleration

whioh our sudden counting rate increase implies, and the magnetic

disturbance recorded by the s_Itlon, occur within at most a few
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minutes of each other and are phenomena which most llkely involve

large mangetospherlc regions at a given time.

A few related observations have been reported before. Fan et

al. [19641 have observed a correlation between electron peaks in the

transition region in the sunlit hemisphere and the degree of the

disturbance of the geomagnetic fleld. On the other hand, Ness E19643

has observed a sharp drop in the magnitude of the local magnetic

field, occurring almost simultaneously with a corresponding increase

in the observed flux of tail electrons, as seen by detectors aboard

IMP- I.

We next turn our attention to a few riometer records which we

were able to compare with our first level data. The _ajority of these

came from three neighboring stations in Alaska, that is College, Healy

and Fort Yukon. A few records from Kiruna Sweden were also examined.

Fig. 37 represents the best indication that we have obtained of a

possible detailed correlation between increased radio noise absorp-

tion and enhanced electron fluxes in the magnetosphere. The lack

of a more positive result can be partly attributed to the small number

of rlometer records which we were able to elamlne and probably, to a

larger extent, to the local nature of these data, as mentioned earlier.

A good example of this is seen in the same figure where the three

absorption traces are markedly different even though these stations

are within .3 deg. of magnetic longltude and 3 deg. of magnetic lati-

tude. Although detailed correlations are more rare in this case,

Just as with ground magnetogrsms, there appears to be a general

agreement between the degree of absorption and the electron flux
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levels observed in the tail of the magnetosphere.

The above remarks regarding our attempts to find correlations

between our electron data and riometer records, apply as well to

similar attempts involving direct measurements of precipitating

electrons, by means of lower altitude satellites. A few measurements

from the Alouette I satellite have been made available [McDiarmid

and Burrows, 1965a] and generally show the existence of sharp,

high-latltude '%plkes '_of electrons, a large portion of which appar-

ently precipitate into the atmosphere. Although no direct comparison

between these data and ours is possible because of the entirely

different time scales involved, the appearance of these large low-

aiti_ude fluxes occurs at times of high first level counting rates.



VIf. SD3_tY

Data from nearly identical single crystal detectors aboard

Explorers XII and XIV have been used to study several spatial and

temporal characteristics of energetic electrons in the magnetosphere.

Our findings may be summarized as follows:

1. (a) We have found that trapped particle fluxes near the mag-

netic equatorial plane, terminate at a well-defined average location

throughout the sunlit magnetosphere, which is essentially identical

with the location of the magnetopause as determined by local magnetic

field measurements and by theoretical models based on the guidelines

of the Chapman-Ferraro picture. Furthermore, we have seen that par-

ticle fluxes at higher latitudes terminate closer to the earth, the

deviation from the above location increasing with the angular separa-

tlon between the satellite and the earth-sun direction.

(b) We have presented evidence to the effect that the sunlit

magnetopause is symmetric about the earth-sun line.

(c) We have shown that the structure of trapped electron fluxes

near the boundary of the magnetosphere and at small angles to the earth-

sun direction, is dependent on the geomagnetic activity, as determined

by the Kp index.

2. (a) With regard to the dark magnetosphere, evidence has been

presented to the effect that the morphology of electron fluxes there

strongly depends on the degree of geomagnetic activity. Trapped

electrons near the magnetic equatorial plane and the midnight meridian

have been found to extend on quiet days to large geocentric distancBs,

-55-
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exceeding 12 Re at times. On disturbed days on the other hand,

highly variable and seemingly isotropic fluxes dominate the particle

picture throughout the outer regions o£ th_ dark magnetosphere.

(b) We have presented data implying the exlstance of a region

in the dark magnetosphere located on quiet days at about 8 Re near the

equatorial plane, in which the pitch-angle distribution of trapped

electrons tends to Isotropy. While closer to the earth the maximum

of this distribution occurs, as expected, at right angles to the local

magnetic field vector, at greater distances it takes place along the

field lines. We have seen implications pertaining to the inward dis-

placement of this isotropic region on disturbed days and to the

possible exlstance of an electron acceleration mechanism inside the

trapping region.

(c) Magnetic field infot_a_ion deduced from the anlsotropic

features of trapped particles near the antlsolar direction has been

found to be consistent with a field generally _'stretched" by the

tangential stress exerted by the solar plasma, as contrasted to the

compressed field of the sunward side.

(d) Regarding electron fluxes outside the trapping region,

we have found no evidence of any sustained, detectable anlsotropy,

such as streaming in the direction of the magnetic field. These fluxes

are characterized by drastic changes in the form of pulse-like events

of various Rmplltudes and widths which, however, usually have a sharp

leading edge and a slower decay. We have found that the intensity of

these events increases during periods of high Kp, that they generally

tend to cluster about the geomagnetic equatorial plane, and that the

frequency of their occurrence decreases with geocentric distance.
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3. (a) Sharp increases in the observed fluxes of magnetospherlc

electrons have been found to correlate with the onset of magnetic bays

in the auroral zone.

(b) Similar correlations with the more localized phenomena

of electron precipitation and the resulting increase in the absorption

of radio waves are considerably more rare,



VIII. DISCUSSION

We have presented a number of observations pertaining to electrons

in the earthls magnetosphere° Most of these observations are in connec-

tion with the form and the location of the outer boundary of the trap-

ping region which extends around the earth. Due to the anisotropic

nature of the solar wind, we have found as expected, large differences

between those results which pertain to the sunlit magnetosphere and

the remaining results, Regarding our observations in the sunlit region,

we find that most of them were not entirely unexpected as they have

been implled by previous experimental and theoretical works. There are

several interesting points however which need further discussion.

We have seen that the average location of the magnetopause near

the equatorial plane is defined equally well by both characteristic

changes in the local magnetic field and the termination of trapped

partlcle fluxes. Furthermore the resulting equatorial shape of the

magnetopause appears to be in good agreement throughout the sunward

side with calculations based on the assumption that the solar wind can

be treated as a flow of independent charged particles. It is somewhat

surprising that this aEreement extends to points near the dawn and dusk

meridians, where deviations arising from the neglect of the coherent

behavior of the solar wind could be expected. We further note that

the results we have presented imply a generally stable boundary over

the entire sunlit equatorial region. The apparent symmetry of this

boundary about the earth-sun direction is certainly consistent with

the ]XP-I results regarding the direction of arrival of the solar

plasma. Its average location relative to the earth's center does

-58-
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not appear to have changed appreciably in the elapsed time interval

of more than two years between Explorers XII and XVIII (IMP-I).

Another point we would like to make is in connection with the

noon-mldnight asymmetry in the latitude dependence of the trapped

particle fluxes. A similar effect has also been observed with lower

altitude satellites, [i.e., Willimms and Palmer, 1965] and appears

as an inherent feature of some magnetospheric models in connection

with the compression of the geomagnetic field near the subsolar point,

due to the impact of the solar wind, and the stretching of the field

lines in the dark region as a result of the shearing stresses attri-

buted to this wind [i.e., Fairfield, 1964].

Turning our attention to the dark magnetosphere_ we first note

that we have found a number of occasions when qulet-day trapped parti-

cles were detected beyond 12 Re near the equatorial region. Assuming

that durable trapping can only take place when the geomagnetic field

lines are closed instead of extending out to large radial distances,

we arrive at the concluslon that the closed port,on of the dark mag-

netosphere can expand considerably near the equatorial plane, its

radial extent on quiet days featuring distances well beyond 8 Re

which is usually accepted as roughly representing the limiting

extent of the trapping region in the dark magnetosphere. Magnetic

field information deduced from the anlsotroplc features of trapped

electrons indicates a highly distorted field (as compared to the

simple magnetic dipole) having an almost radial appearance at the

outermost portions of the trapping region, in agreement with the

picture presented by local magnetic field measurements and with the

exlstance of a neutral sheet in this general location [Ness, 1965].
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Oneof the most interesting findings of this investigation is

the evidence we have presented in connection with the pitch-angle

distributions of electrons trapped in the dark magnetosphere. To

our knowledge it is the first t_me that sustained trapping has been

found in which particle fluxes appear to peak along the field lines

instead of peaking at right angles to them. Considering the shaping

of a given pitch-angle distribution, we see that it is determined

by factors such as; fresh particle injection in the trapping region,

changes in the energy of the already present trapped particles, and

particle losses at somepreferred direction relative to the magnetic

field. The usual case of higher particle fluxes in a direction per-

pendicular to the field vector, which invariably represents trapped

particle distributions at less r_ote regions [Pizzella et al., 1964]

is a direct result of particle losses into the atmosphere. Such

losses occur preferrentially for particle velocities at small angles

to the lines of force. Our results however indicate that trapping in

the distant field of the dark magnetospheremay involve one or more

additional considerations from those enumerated above. Thus we can

account for the maximumof the distribution occurring along the field

lines by assuming that electrons in the outer trapping region are

accelerated or decelerated anisotropical_y as they spiral about lines

of force and drift in magnetic longitude; or perhaps that they are

being lost from this region, preferably at right angles to the magne-

tic field. Acceleration of course must take place somewherein the

magnetosphere, as is implied by a numberof independent observations

which, as we have seen, suggest the simultaneous appearance of large



b
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fluxes of transient electrons over large magnetospherlc regions.

Whether the mechanism responsible for this acceleration is located

inside (or at the edge of) the trapping region, or whether acceleration

takes place entirely outside the body of the magnetosphere is not

known at the present. O'Brien [1964] using data from the lower-

altitude Injun 3 satellite has observed that increases in the fluxes

of precipitating electrons take place at the same time that the

trapped populations are being enhanced. In fact, he found that,

during precipitation, fluxes tend toward isotropic conditions over

the upper hemisphere. He has suggested that the necessary accelera-

tion could be accomplished inside the trapping region by high-altitude

t_porary electric fields acting along the magnetic field lines.

This suggestion is not inconsistent with our findingsp although

perhaps not the only one which can account for them. It is of interest

however that we have seen one rather convincing case, where consis-

tently more electrons were coming up the field llne and away from the

earth than were returning, which could therefore be considered as an

indication that acceleration was taking place somewhere closer to the

earth. Another indication of possible acceleration is the observed

isotropy in the pitch-angle distribution occurring suggestively near

magnetic shells which roughly correspond to the auroral zone. It

is not difficult however to see that both a distribution with peak

fluxes along the field lines and the isotropic conditions could be

resulting from electron losses other than those which take place

into the atmosphere. We have seen that the magnetospheric-tail region

is characterized by frequent and drastic changes in the fluxes of
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trapped electrons occurring on the very quiet days when the outward

expansion of the trapping region was seen. Trapped particles, while

traversing the nearly radial and weak field of the elongated magnetic

loop near the equatorial region, are very likely under the influence

of strong perturbations which can cause trajectory changes to the

effect that appreciable leakage from the trapping region probably

takes place at this time. Electrons with large equatorial pitch

angles will tend to spendmore time in this elongated field region

and will therefore be more susceptible to such perturbations and

eventual loss.

The above considerations imply that perhaps our reference to

trapped particles in the distant field of the dark magnetosphereas

"durably trapped" is not strictly correct. The observed temporal

variations inside the trapping region, although small on quiet days,

certainly indicate that electrons there undergo changes on a much

shorter time scale than that which applies to the more conventional

trapping of the lower latitude shells. Unfortunately, the fine struc-

ture of these changes is missing from our observations (except for the

one case which we have discussed) because it is definitely beyond the

capabilities of our detector. Webelieve that an improved time reso-

lution will result in a larger numberof cases in which preferrential

particle flow along magnetic field lines is seen, superimposed on the

usual anisotropic pattern of trapped particle fluxes.

Additional information on the nature and the location of the accel-

eration mechanismwhich we are seeking, can be obtained from observa-

tions in connection with electron fluxes in the tail of the magnetosphere,

which are clearly outside any sustained trapping. These particles
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are essentially absent on quiet days whenthe observed trapping extends

to large radial distances, but their numbers increase with the con-

finement of this trapping to regions closer to the earth. At times

we have been able to see a rather distinct boundary between fluxes

tending to isotropy and those which clearly displayed anisotropic

features. Wehave also seen that a spectral change takes place across

this boundary, with the trapped electrons having the harder spectrum.

As mentioned before, we have little doubt that such tail fluxes have

the sameorigin as the "fresh" electrons which O'Brien describes

during a precipitation event and which McDiarmid and Burrows [1965a]

detect as high latitude spikes in their counting rate. With regard

to the generation of these particles, we believe that there are

several indications that they are not locally accelerated but that

they are the products of an acceleration mechanismlocated closer to

the earth and very likely inside the trapping region. Wefirst point

out that this conjecture is consistent with out previous discussion

in connection with observations on trapped particles. We may think of

the characteristic '°patchesI' or 'eislands" of tail electrons as being

due to the combined contributions of electrons arriving almost directly

from the source, which probably dominate the sharp rise of such events,

and electrons which had undergone various degrees of trapping and

which are leaking out of the just replenished trapping region. This

explanation is at least consistent with the observed softening of the

energy spectrum during the peak flux of a given event [Montgomery et

al., 1965]. Such electrons may be quickly transported to large geo-

centric distances, either by streaming along field lines or by drifting
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through the magnetic field with the bulk velocity of the medium [i.e.,

Jokipii and Davis, 1965]. Recent observations have indeed produced

evidence of electrons stre-ming away from the earth and the sun

[Asbridge et el., 1965]. It is surprising that our efforts to con-

firm such observations produced a negative result. Perhaps such stream-

ing is energy dependent to the extent that it is detectable for 40 keV

electrons and not so for energies in the range of 80 to i00 keV.

Certainly some energy dependence is to be expected since sustained

streaming implies the existence of ordered fields and this ordering

may become effectively lost for electrons with large Larmor radii.

The existence of an energetic electron source as assumed above is

;'_._:_,Jconsistent with the fact that electron events in the tail of

the magnetosphere (as previously defined in this work) become less

and less frequent as the geocentric distance of the observations

increases. Regarding the observed difference in the energy spectra

between trapped and transient electrons, it may well be due to the

spectral changes which probably take place when the latter drift

away from their source, while at the same time diffusing out of a

given region within the moving medium, since the higher energy ones

will tend to diffuse faster.



• IX. CONCLUDING R_4ARKS

We have seen that, in agre_nent with earlier indications, this inves-

tigation has produced substantial evidence to the effect that the dark

magnetosphere is the key to the physical processes which are the source

of charged particles feeding the outer radiation zone and the relevant

physical phenomena such as the aurora. We believe that more definite

experimental information with regard to the nature and the location of

these processes can be obtained with detectors and satellite orbits simi-

lar to those described here. Of particular importance will be additional

data in connection with the pitch-angle distributions of trapped particles

and with particle streaming along magnetic field lines inside and outside

the trapping region of the dark magnetosphere. Efforts should be made to

determine the energy dependence of these observations and to extend such

measurements to lower energies. In view of our findings, future investi-

gation along these lines must involve a substantial n_ber of low-latitude

traversals of the region near the midnight meridian between about 6 and

13 Re. Thus, the suitability of satellites having either very long periods

or nearly circular orbits is doubtful.

A detector primarily designed to furnish such data must naturally

have a much greater time resolution; this is certainly within the capa-

bilities of the scintillation counter. Other possible improvements may

include somewhat better directionality, a thinner cover, a lower elec-

tronic threshold, and an increased accumulator capacity. It appears to

us that the high sensitivity should be preserved at the expense of useful

information inside the hlgh-flux regions of the radiation zones.
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